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Abstract- According to bionics and simplified octopus structure, this paper designed a universal mobile 
quadruped robot and adopted Denavit-Hartenberg system to analyze the single leg kinematics of a 
robot, obtaining its kinematics equation. Also, through the method of separating variables, this paper 
solved its inverse kinematics and got the joint angle. A walking gait is planned and the joint angle of 
vertical pendulum stance phase and swing phase of the robot in walking are calculated. MATLAB is 
used to simulate the relevant joint angles of the robot, so as to analyze its movement change. 
Experimental results further verified the universal motion of robots. 
 
Index terms: Universal motion, quadruped robot, kinematics, inverse kinematics, gait planning. 
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I. INTRODUCTION 
 
In robot family, quadruped robots have become the study focus at home and abroad for its strong 
environmental adaptability and motion flexibility [1, 2, 3]. Most quadruped robots adopt bionics 
design, for example, Big Dog by Boston Propulsion Laboratory in the United States, which was 
designed according to the dog structure [4, 5]. However, in terms of the current development of 
quadruped robots and considering the simplification of control and structure in bionics design, 
domestic robot designers tend to simplify joints, which leads to unstable and inflexible motion of 
quadruped robots. Designers hope to design quadruped robots which can be simply controlled 
and stably and flexibly move with less degree of freedom [6, 7]. 
Based on bionic octopus structure, this paper designed a universal mobile quadruped robot and 
made motion analysis on it, aiming at making improvements in the above problems of quadruped 
robots. 
 
II. STRUCTURE DESIGH OF UNIVERSAL MOBILE QUADRUPED ROBOT  
 
Among land quadrupeds, most of them move in longitudinal direction while very few move in 
transverse direction. Among sea animals, octopus can move in multiple directions, shown as 
Figure 1.  
The study on its structure found that it was due to the special placing of its joints. This study 
optimized its structure, changing 8 feet into 4 feet, shown as Figure 2. There are 16 degrees of 
freedom in total to inherit the placing of transverse and longitudinal joints of the octopus 
structure. 
 
Figure 1.  Octopus structure 
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Figure 2.  The electric power network with FCL in use 
 
The simulation design was completed in software, shown as Figure 3. The real object is shown as 
Figure 4. The main body of universal mobile quadruped robots consists of controller, mounting 
base, transverse rotation motor, vertical rotation motor and mechanical structure components. 
 
 
Figure 3. Simulation diagram of the structure of quadruped robots 
 
4 transverse rotation motors and 4 vertical rotation motors are evenly distributed and fixed on the 
four angles of the mounting base, which are connected with the controller of the robot. The 
controller of the robot controls the transverse rotation according to the preset procedure, further 
realizing the motion of 4 feet in random direction in the transverse plane. 
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Figure 4. Simulation diagram of the structure of quadruped robots 
 
Each transverse rotation motor is connected with 3 vertical rotation motors by mechanical 
structure component and the output axle centerline of the vertical rotation motor is perpendicular 
with that of transverse rotation motor in different planes. 12 vertical rotation motors are 
connected with the controller of the robot by wire. The controller of the robot controls the motion 
of 4 feet in random direction in the longitudinal plane according to the preset procedure. 
The design of transverse and longitudinal joints realizes the universal motion of robots. 
 
III. KINEMATICS EQUATION OF UNIVERSAL MOBILE QUADRUPED ROBOTS 
 
To realize the universal motion of quadruped robots and better understand its kinematic 
performance, this paper made study on its kinematics.  
a. Single leg modeling of robots and the determination of coordinate system 
Four legs of universal mobile quadruped robot are the same. Thus, this paper studied one of them. 
Denavit-Hartenberg was utilized to establish the coordinate system and after the analysis and 
simplification [8, 9, 10, 11], the structure of a single leg is shown as Figure 5. 
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 Figure 5. Coordinate system of the structure of a single leg. 
Firstly the reference coordinate system is defined, namely, coordinate system {0}, which is fixed 
on the base, which is the main body of robot, namely, mounting plate (shown as Figure 4). 
According to relative motion, the definition is made. Here joint 1 is in transverse motion, with 
rotation angle of 1 . The following coordinate systems {1}, {2} and {3} is of 90 degrees with {0} 
and the corresponding three joints, 2, 3 and 4 are in longitudinal motion, respectively with 
rotation angles of 2 , 3  and 4 . The coordinate system of each connecting rod is set at the joint. 
Y-axial of coordinate system {0} is perpendicular to the paper while Z-axial of other coordinate 
systems is perpendicular to the paper. X-axial is the extension cord of each connecting rod. 
b. Determination of joint parameters and variables  
i  is the number of member bar, 
i  is joint variable, i  is the torsion angle of the connecting rod, 
ia  is the length of the connecting rod, id is offset. The first joint axis is in vertical-state with other 
joint axes, so  901 . The left joint axes are parallel to each other. Thus, 
 0432    (1) 
For simplification, the coordinate origin of each connecting rod is in the same plane. Thus, 
04321  dddd         (2) 
The parameters of A matrix (Denavit-Hartenberg Matrix) are shown as Table 1. 
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Table 1:  Parameters of A matrix 
 
 
 
 
 
 
 
 
 
 
c. Solving of kinematics equation 
A matrix is shown as Formula 3.  
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Supposing, iic cos ， iis sin ， i 1，2，3，4; )cos( jiijc   ， )sin( jiijs   ， i 1
，2，3，4； j 1，2，3，4; )cos( kjiijkc   ， )sin( kjiijks   ， i 1，2，3，4；
j 1，2，3，4； k 1，2，3，4. 
Then, according to Table 1 and Formula 1, the homogeneous transformation matrix can be 
expressed as, 
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The attitude matrix of the reference coordinate system of the end connecting rod, 4T is shown as 
Formula (8). 
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IV. SOLVING OF INVERSE KINEMATICS OF UNIVERSAL MOBILE QUADRUPED 
ROBOT 
 
The position matrix of robot end effector T, and key parameters are known, so joint variables can 
be solved, which provides preparations for the gait analysis of robots [12, 13, 14, 15]. 
The position matrix of end effector is shown as Formula (9). 
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Joint angle is solved by the method of separating variables, shown as Formula (10). 
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a. Solving of 1  
Take row 3 and line 4,  
011  cpsp yx      (11) 
Then, 
x
y
p
p
arctan1        (12) 
 18011         (13) 
When
xp  and yp are 0, 
01            (14) 
The same is as below. 
b. Solving of 3  
Take row 3 and line 4 and row 4 and line 4. Then, 
23322111 cLcLLspcp yx       (15) 
23322 sLsLpz             (16) 
1 is known and take the squares of both sides of the equation. We can get, 
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Its constraint condition is that the right side falls between -1 and 1. 
2
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c. Solving of 2  
Take row 3 and line 4 in Formula (9). 
zpsLsL  23322         (20) 
3 is known and after expansion, we can get,  
zpcLLssLc  )( 3322332                (21) 
Then,  
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d. Solving of 4  
Take row 3 and line 1 and row 3 and line 2 in Formula (9). 
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then, 
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e. Solving of a case 
Inverse kinematics was verified by a case. The end position and orientation is set as, 
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The actual size of robot is L1=L2=L3=L4=60. According to the above algorithm, C programming 
language was used to write programs. After the unreasonable solutions are excluded, we can 
obtain the following solutions. 
 13.301 ,
 58.192 ,
 97.153 ,
 45.94  
According to the above solutions, corresponding operations are made on robots to obtain the 
given end position and orientation, further proving the correction of the solution algorithm. 
 
V. GAIT PLANNING AND VERIFICATION 
 
Through the 1  to carry out the adjustment of the robot body and complete the body of universal 
deflection. In order to simplify the gait, 2 is to be a fixed angle. 3  and 4  are used to complete 
the gait planning. 
a. Gait planning 
A walking cycle of the robot is divided into two parts. In the first half of the cycle, the Left front 
and right back legs completes the vertical displacement of the body as the support phase in the 
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case of no movement of the foot tip. The right front and left back legs completes the forward 
movement of the swing phase. 
In the second half of the cycle, The right front and left back legs completes the vertical 
displacement of the body as the support phase in the case of no movement of the foot tip. the Left 
front and right back legs completes the forward movement of the left foot tip as the swing 
phase[16,17,18,19]. 
Vertical pendulum completes the robot’s walking. It is divided into the swing phase and support 
phase of vertical pendulum. Its movement changes in a cycle are shown in Table 2, in which 
Xline is the vertical step length. Take the left front foot as an example. In a cycle, when the left 
front foot swings vertically, the foot tip moves for 1/2Xline and the support phase of the right 
front leg also moves for 1/2Xline. Thus, its absolute movement is a step length.  
Hip joint is used to measure the movement of the body. When the left front and right back legs 
swings vertically, the right front and left back legs support phase makes the hip joint move 
1/2Xline. When being the support phase in another half of the cycle, it also moves 1/2XLine. In 
this way, the body moves for a step length absolutely. 
Table2: Movement changes of the swing phase and support phase of vertical pendulum 
 
Cycle 0-1/4T 1/4T-1/2T 1/2T-3/4T 3/4T-T 
Support Phase 
The hip joint 
on the left front 
and right back 
legs moves for 
1/4XLine 
The hip joint 
on the left 
front and right 
back legs 
moves 
1/4XLine 
The hip joint 
on the right 
front and left 
back legs 
moves for 
1/4XLine 
The hip joint on the 
right front and left 
back legs moves for 
1/4XLine 
Swing Phase 
The foot tip of 
the right front 
and left back 
legs moves for 
1/4XLine 
The foot tip of 
the right front 
and left back 
legs moves for 
1/4XLine 
The foot tip of 
the left front 
and right back 
legs moves for 
1/4XLine 
The foot tip of the 
left front and right 
back legs moves for 
1/4XLine 
 
a.I Joint angle calculation of the swing phase of vertical pendulum 
The analysis of the joint angle of the swing phase of vertical pendulum is shown in Figure 6. In 
the figure, H is the height from the axis of the hip joint to the ground and it is assumed to be 
constant in the walking cycle. In a cycle, the swing phase of each leg accounts for the half of the 
whole cycle (expressed by 0-0.5T in the paper). x and z are the movement values of the foot tips 
in the coordinate direction in the coordinate, respectively. The path amplitude of the foot tip to 
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the ground is Zline. The coordinate is shown in the figure, in which 3 and 4  are the calculation 
values of the hip joint angle and knee joint angle of the swing phase, respectively. 
 
 
Figure 6. Joint angle of the swing phase of vertical pendulum 
 
Since x direction is in the XOZ coordinate, relative to the origin O, it just moves for 1/2 Xline 
after completing swinging. The motion on x path is set to be uniform and the motion path of the 
foot tip along z direction is set to be the sinusoidal function, as shown in Formula (26).  
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Given x and z,  can be calculated according to the Law of Cosines, as shown in Formula (27). 
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Thus, 3θ  and 4θ  are shown in Formula (28). 
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a.II Joint angle calculation of the support phase of vertical pendulum 
As shown in Figure 7, the ground support is within the support phase. That is, it does not move 
relative to the ground in 1/2 cycle. In the support phase, relative to the ground support, the axis of 
the hip joint moves for 1/2 of Xline. H is set to be constant. x and z are the movement values of 
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the foot tips in the coordinate direction in the coordinate system as shown in the figure, in which 
3 and 4  are the calculation values of the hip joint angle and knee joint angle of the support 
phase, respectively.  
 
 
Figure 7. Joint angle calculation of the support phase 
 
The support phase makes the uniform motion along the X axis in a half of cycle, as shown in 
Formula (29). 
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x                (29) 
Thus, can be obtained as shown in Formula(30). 
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3 and 4  are shown in Formula(31). 
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b. Simulation analysis 
According to the actual size and expected gait of the robot, given YLine = 40, H = 160, XLine = 
40, ZLine = 20.  
The change of the vertical pendulum joint angle 3  is shown in Figure 8[16,17,18,19]. 
Wang Xiong, STRUCTURAL DESIGH AND MOTION ANALYSIS OF UNIVERSAL MOBILE QUADRUPED ROBOT
1316
  
 Figure 8. Vertical Pendulum Joint Angle 3  
 
 
When the displacement in the vertical pendulum z direction is the sinusoidal curve, the change of 
its vertical pendulum joint angle 3 is the sinusoidal curve with the angle changing from 54.53°to 
77.81°.The change in the second half of cycle is also the sinusoidal curve with the angle gently 
changing from 54.1°to 54.53°. 
The change of the vertical pendulum joint angle 4  is shown in Figure 9. 
 
 
Figure 9. Vertical Pendulum Joint Angle 4  
 
When the displacement in the vertical pendulum z direction is the sinusoidal curve, the change of 
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its vertical pendulum joint angle 4  is the sinusoidal curve in the first half of cycle with the angle 
changing from 51.05° to 66.53°. The change in the second half of cycle is nearly a sinusoidal 
curve with the angle gently changing from 59.38° to 66.53°. 
c. Experimental verification 
Motor and motor control panel are loaded and exterior decoration is made. According to the 
above algorithm and angle, solutions are got. After the procedure of angle gait is designed, the 
following universal mobile walking experiments can completed[20,21,22,23]. 
Shown as Figure 10, robot can move back and forth in longitudinal direction. 
 
 
Figure 10. Movement back and forth direction 
Shown as Figure 11, robot can move right and left in transverse direction. 
 
 
Figure 11. Movement along right and left side 
Wang Xiong, STRUCTURAL DESIGH AND MOTION ANALYSIS OF UNIVERSAL MOBILE QUADRUPED ROBOT
1318
 Shown as Figure 12, robot can move in slant of 40 degree without turning the engine body. 
 
Figure 12. Movement at an angle of 40 degree 
 
VI.  CONCLUSIONS 
 
This paper designed a quadruped robot according to bionic octopus structure and its legs were 
reasonably distributed in the engine body, enlarging the gravity domain of 4-feet robot, which 
increased the stability. At the same time, through experiment, it was verified that the robot can 
move in random direction without turning the engine body, which greatly enhanced its feasibility. 
The future study will focus on its kinetics analysis and intelligent control of sensors. This paper 
also can be reference to the studies of other kinds of robots. 
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